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ABSTRACT 
We report a surface science study of fluorinated and hydrogenated ethers 
adsorbed at a metal surface. Fluorinated ethers bond less strongly to ruthenium 
surfaces than the hydrogenated analogs, both for atomically-smooth and 
atomically-rough surfaces. For the hydrogenated ethers, 0.03 to 0.17 monolayers 
undergo decomposition, while fluorinated ethers do not decompose significantly. 
INTRODUCTION 
Tribology is defined as the study of relative motion of two surfaces, with 
or without intervening lubricant, and associated phenomena [1]. It is clear from 
this definition that surface chemistry is basic to the field. Following the 
pioneering work of Buckley [2], we are using the techniques of modern surface 
science to study one aspect of tribology, i.e., the chemical interactions between 
lubricants and surfaces. Our aim is to answer fundamental questions regarding 
adsorption bond strengths and stabilities of fluorinated ethers, which are common 
lubricants in many devices, including computer disks. 
We make two simplifications in constructing experimental models for the 
real tribological systems. First, we choose mono- and diethers as models for 
industrial polymeric lubricants. Second, we use well-characterized single 
crystal surfaces as substrates--in this case, surfaces of metallic ruthenium. 
Two types of Ru surfaces are used as substrates in this study, one of which is 
hexagonally close packed and atomically smooth [Ru(001)] and one of which is row 
and trough-like and atomically rough [Ru(100)]. In this way, we test the effect 
of atomic-scale surface morphology on our results. 
Historically, surface science has been used primarily to study questions 
pertaining to heterogeneous catalysis. As a result, a large body of information 
has been compiled regarding the interaction of oxygenated hydrocarbons with 
surfaces, including surfaces of Ru [3-8]. The adsorption of one type of 
oxygenated hydrocarbon, ethers, at metal surfaces, is fairly well understood 
[9-11]. We draw upon this existing body of data to evaluate the effect which 
fluorination has upon the surface chemistry of ethers. Thus, our work involves 
comparison of the surface adsorption bond strengths and stability of hydrogenated 
ethers vs. fluorinated ethers. 
EXPERIMENTAL 
The experiments are performed in an ion-pumped stainless steel UHV chamber 
with a base pressure of 7x10" 11 Torr. Details of the experimental apparatus and 
methods are available elsewhere [12-15]. We use the Ihermal Qesorption 
~pectroscopy (TDS) technique to determine adsorption bond strengths. The 
experiment consists of heating a surface (previously exposed to the gas of 
interest) in vacuum, while monitoring the evolution of molecules and/or 
decomposition products in the gas phase. The temperature at which the molecules 
desorb from the surface is related to the strength of the molecule-surface bond. 
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RESULTS 
In Figure 1, we show two sets of thermal desorption spectra which are 
representative of our results to date. The spectra are obtai ned following 
adsorption of two ethers on the atomically-smooth Ru(001) surface: CHJCH~OCHaCH3 , 
which we refer to by its common name of diethyl ether, and CF3CF20C~ 2C~3 , wnich 
we similarly call perfluorodiethyl ether. In addition, we have stu~ied three 
other ethers on this surface, and two ethers on the atomically-corrugated Ru(100) 
substrate. The compounds and substrates which we have studied are summarized 
in Table 1. (The reader is referred elsewhere for the IUPAC-endorsed names of 
these compounds, and for presentation of desorption spectra not contained in this 
paper [14,15].) 
Thermal desorption spectra of diethyl ether from the smooth Ru(OOl) surface, 
a representative example of a hydrogenated ether, are shown in Fig. 1A. At low 
exposures (curve a), a single broad state, denoted a1, appears at ca. 200 K. The desorption spectra for an intermediate exposure of diethyl ether (curve b) has 
an additional broad feature, denoted a2 , at ca. 170 K. As exposure increases further a third insatiable state, 1. appears at lower temperatures. This state 
is evident in curves c-d of Fig. IA. We attribute the a-states to desorption 
of chemisorbed diethyl ether molecules because these states saturate and because 
the peak temperatures are greater than that of the 1-state. The area under the 
a1-peak is equal to the area under the a2-peak. This indicates that an equal 
number of diethyl ether molecules populate these two states. We attribute the 
1-state to desorption from a condensed multilayer, since it does not saturate 
with increasing exposure. Similar multilayer states are observed in the other 
experiments described by Table I. A detailed description of desorption kinetics 
and peak characteristics is given elsewhere [12-16]. 
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Figure I. Thermal desorption spectra for two representative ethers from 
Ru(OOI). (A) Desorption of diethyl ether following exposure of a) 0.13, b) 
0.25, c) 0.38 and d) 0.50 L (I L = 10'6 Torr*s). (B) Desorption of 
perfluorodiethyl ether following exposure of a) 0.07, b) 0.27, c) 0.67 and d) 
1.0 L. 
Analysis of the a -state by Redhead's method for first-order desorption 
kinetics [16] yields a desorption barrier of ca. 51-53 kJ/mol for diethyl ether, 
in the limit of low exposure. Similar analysis of the a2-state yields a desorption energy of ca. 43-44 kJ/mol. Since there is no evidence that 
adsorption is appreciably activated, we equate these quantities to the adsorption 
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bond strength. The molecule-surface bond strengths are obtained similarly for 
all other molecules in this study. Values for the majority desorption states 
are listed in Table 1. The Q-states of diethyl ether on Ru(OOI) are quite broad; 
this broadness is observed a 1 so in the chemisorption states of the other 
hydrogenated ethers [12-15]. 
Table 1. Majority State Desorption Energies: 
Hydrogenated vs. Fluorinated Ethers 
Compound/Ru Substrate Hydrogenated {X=H) Fluorinated (X=F) 
Texture Energy (kJ/mol) Energy (kJ/mol) 
Diethyl ether/smooth 43-44;51-53 42-43 
CX CX20CX2CX Diet~yl etfierlrough 42-54 35-40;40-41 
ex cx2ocx cx3 Diet~oxymethanejsmooth 53-69 
CX CX20CX20CX CX3 Diet~oxyetfianeJsmooth 58-62 44-47 
CX3CX20CX2CX20CX2CX3 
Oxygenated hydrocarbons characteristically decompose to some extent on 
ruthenium surfaces [3-8]. We measure the extent of decomposition by measuring 
the amounts of CO and H which desorb from the surface [12-15]. These 
measurements show that O.b3 to 0.17 monol ayers of the hydrogenated ethers 
decompose when chemisorbed on Ru surfaces. These results are given in Table 2. 
Carbon monoxide and hydrogen coverages are calibrated for Ru(OOI) by assuming 
that the saturation coverage for CO is 0.67 monolayers [17], and for hydrogen 
is 2 monolayers [18,19]. Similarly, we assume that the saturation coverage of 
CO on Ru(IOO) is 0.62 monolayers [20], and of hydrogen is 1.0 monolayers. The 
extent of decomposition for each molecule, in monolayers, is calculated from the 
data of Table 2, taking the appropriate molecular stoichiometry into account. 
For instance, for diethoxymethane (C5H 202), dividing the CO yield by 2 and dividing the hydrogen yield by 12 give t~e same result, 0.04 monolayers. Since 
these two values agree, we see that oxygen is quantitatively released as CO and 
that 0. 04 mono 1 ayers of ether decompose. In other work, we give a detailed 
description of the experimental data from which these values are obtained [12-
15]. No desorption of other decomposition products is observed. 
Table 2. Extent of Decomposition: Hydrogenated vs. 
Fluorinated Ethers 
Compound/Ru Substrate 
Texture 
Diethyl ether/smooth 
Diethyl ether/rough 
Diethoxymethanejsmooth 
Diethoxyethanejsmooth 
Perfluorodiethyl ether/smooth 
Perfluorodiethoxyethane/smooth 
Carbon Monoxide Yield, 
Mono layers 
0.04±0.02 
0.03±0.01 
0.09±0.02 
0.07±0.02 
<0.02 
<0.02 
Hydrogen Yield, 
Mono layers 
1.7±0.5 
0.22±0.06 
0.5±0.2 
0.7±0.1 
For comparison, thermal desorption spectra of perfluorodiethyl ether from 
the smooth Ru surface are shown in Fig. lB. At low exposures (curves a-b) a 
sharp desorption feature, Q, at ca. 165K is observed. As exposure increases 
(curves c-d) an insatiable sharp feature, r, emerges at ca. 130K. 
The Q-peak is attributed to chemisorbed perfluorodiethyl ether molecules 
for reasons analogous to those described above for diethyl ether. The desorption 
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energy for the a-state is 42-43 kJ(mol {see Table 1). The r-state does not 
saturate w1 th 1 ncreasi ng exposure and is attributed to desorption from a 
condensed multilayer of perfluorodiethyl ether. 
In contrast to the hydrogenated ethers, the fluorinated ethers do not 
decompose significantly. The extent of decomposition, given in Table 2, is less 
than our detection limit {0.02 monolayers CO). 
DISCUSSION 
Fluorocarbons ys. Hydrocarbons 
Hydrogenated ethers bond to metal surfaces via two types of interactions. 
The stronger interaction consists of electron donation from the oxygen lone pair 
to the metal [9-11]. The strength of this interaction is typically 40 kJ/mol 
[9-11,21]. Fluorination is expected to weaken this interaction due to inductive 
withdrawal of electron density from the oxygen atom. 
The other component of the ether-metal bond is an attraction between the 
methylene groups and the surface. Much weaker than the oxygen-metal bond, this 
interaction contributes 5 to 6.5 kJ/mol per CH2 group [10,11,22,23]. Fluorination is expected to weaken this interaction as well since the C-F bond 
is longer than the C-H bond [24], and fluorine is more electron rich than 
hydrogen [25]. The carbon is held further away from the surface by the first 
factor; fluorine-metal repulsion is important due to the second factor. 
We find that fluorination does indeed weaken the ether-surface bond at low 
ether exposures. The bond between perfl uorodi ethyl ether and the Ru( 001) surface 
is 10 kJ/mol lower than for the hydrogenated analog, diethyl ether. As seen in 
Table 1, fluorination also weakens the chemisorption bond of diethoxyethane on 
Ru(001), and of diethyl ether on Ru{100). Thus, the weakening of the 
chemisorption bond upon fl uori nat ion at 1 ow ether exposures appears to be 
independent of the number of ether linkages and the corrugation of the metal 
substrate. 
Another characteristic difference between hydrogenated and f1 uorfnated 
ethers is that the hydrogenated ethers decompose to a measurable extent (see 
Table 2). The fluorinated ethers undergo significantly less decomposition. 
We believe that the desorption yield, as a function of exposure, is another· 
indication of the instability of the hydrocarbons toward decomposition, and the 
stability of the fluorocarbons. This function is plotted fn fig. 2 for diethyl 
ether and perfluorodiethyl ether. The desorption yield is obtained by 
integrating the area under the thermal desorption trace. It is clear that, for 
the hydrogenated molecule, the desorption yield increases slowly as a function 
of exposure below 0.4 L exposure, and much more rapidly at higher exposures. 
An exposure of 0.4 L is approximately the point at which the r-state (the 
multilayer) starts to appear. In contrast, the integrated peak area of 
perfluorodiethyl ether varies linearly with exposure over the entire exposure 
range. We obtain similar results for the other hydrogenated and fluorinated 
compounds listed in Table 1. This suggests that the change in slope for the 
hydrogenated compounds is not due to a change in sticking coefficient, but rather 
reflects the fact that a constant fraction of the chemisorbed molecules 
dissociate rather than desorb. Thus, the number of hydrogenated molecules 
desorbing from the surface in the low-exposure regime is less than the number 
AQsorbed, leading to a relatively low desorption yield in this exposure regime. 
We suggest that decomposition is further reflected in the chemisorption 
peak shapes. Therma 1 desorption spectra of fluorinated ethers show sharp 
chemisorption states (c.f. fig. 18, FWHM s 7 ± 1 K). The thermal desorption 
spectra of hydrogenated ethers, on the other hand, characteristically show broad 
chemisorption peaks (c.f. Fig. 1A, FWHM = 54± 13 K for the a,-state, 20 ± 3 K 
for the a2-state). The peak broadness may well be due to chang1ng conditions at the surface during desorption, i.e., decomposition and desorption may be 
competitive processes during the thermal desorption experiment. 
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One way to rationalize the stability of the fluorinated ethers relative to 
the hydrogenated ethers is to postulate that C-X bond breaking (where X is H or 
F), is the rate-limiting step in the decomposition pathway. Since the C-H bond 
is ca. 75 kJ/mol weaker than the C-F bond [26,27], the fluorinated molecules 
would be more stable. The relative stabilities could also be explained by 
different bonding geometries for adsorbed fluorinated and hydrogenated ethers. 
For the reasons described above, the fluorinated alkyl groups may not approach 
the surface as closely as the hydrogenated counterparts, resulting in less 
decomposition. Yet a third explanation could be that the more weakly-adsorbed, 
fluorinated molecules ill.ru:Q at temperatures too 1 ow for C- F bond breaking, 
whereas the hydrogenated molecules remain on the surface to higher temperatures. 
0 Perfluorodiethyl Ether 
e Diethyl Ether 
1.0 2.0 3.0 
Exposure (Langmuir) 
4.0 
Figure 2. Desorption yield vs. exposure for diethyl and perfluorodiethyl ether 
on Ru(OOl). 
Monoethers vs. Diethers 
Diethers, since they have two functional groups, can bond to the surface 
in a variety of ways. One or both oxygen atoms can bond to the surface and the 
alkyl groups can approach the surface closely or remain far away. In principle, 
it should be possible for diethers to bond via both oxygens to the 
atomically-smooth Ru(OOl) substrate without introducing intramolecular strain. 
Molecules bonded in this rl{O,O)-configuration would have strong adsorption 
bonds: about 80 kJ/mol as a first approximation. Alternatively, only one oxygen 
coul~ bond to the surface, perhaps for entropic or electronic reasons. In such 
ann (D)-configuration, the ether-surface bond strength should be comparable to 
that of a monoether. 
We observe no appreciable_difference in the CO yield for monoethers and 
diethers (see Table 2). Comparison of the measured yields of CO and hydrogen 
with those expected from the known molecular stoichiometry of the hydrogenated 
ethers (see Table 2) shows that oxygen is quantitatively released as CO in the 
diether decomposition mechanism. For the monomeric, diethyl ether, on the other 
hand, based on the hydrogen yield, only ca. 20% of the oxygen is released as CO. 
This difference suggests that the decomposition mechanism may be different for 
monoethers and diethers on the smooth Ru surface. Note that the same molecule 
decomposes stoichiometrically on the rough Ru surface. 
CONCLUSIONS 
We have studied the interaction between prototypical lubricant molecules 
and metal surfaces with surface science techniques. We find that the majority 
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of fluorinated ether mo 1 ecul es bond more weakly than ana 1 ogous hydrogenated 
ethers, both to atomically smooth and rough ruthenium surfaces. The results are 
quite similar for these two substrates, indicating that bond weakening due to 
fl uori nation is not strongly morpho 1 ogy-dependent. Di ethers appear to bond 
through only one ether 1 inkage, since the bond strengths of diethers are 
comparable to those of monoethers. Between 0. 03 and 0.17 mono 1 ayers of 
hydrogenated ethers decompose, while the fluorinated compounds are very stable 
toward decomposition. 
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